Abstract-The transverse-magnetic photonic-bandgap-guidance properties are investigated for a planar two-dimensional (2-D) Kagomé waveguide configuration using a full-vectorial plane-wave-expansion method. Single-moded well-localized low-index guided modes are found. The localization of the optical modes is investigated with respect to the width of the 2-D Kagomé waveguide, and the number of modes existing for specific frequencies and waveguide widths is mapped out.
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I
N RECENT YEARS, a new class of periodic dielectric structures, known as photonic bandgap structures, has been discovered [1] . These structures are characterized by one or more frequency intervals, photonic bandgaps, where propagation of electromagnetic waves is not allowed. By introducing a properly designed defect in a photonic bandgap structure strong localization of photon waves to the region near the defect is possible. A novel microcavity design may be obtained by introducing a point defect, whereas novel waveguide designs may be obtained by introducing a line defect. A recent theoretical result for a waveguide based on introducing a line defect in a two-dimensional (2-D) photonic bandgap structure showed that a transmission of 98% around a 90 sharp bend is possible [2] . The most commonly known 2-D photonic bandgap structures are the square lattice structure [3] , [4] , the triangular structure [5] , [6] , and the Honeycomb structure [7] , [8] . It is a technological challenge to fabricate photonic bandgap structures for optical wavelengths, since the lattice constant of the periodic structure must be comparable to the optical wavelength. For structures based on GaAs rods in air, one approach is to use selective epitaxy [9] .
In this letter, a waveguide based on a third fundamental hexagonal photonic bandgap structure, known as the Kagomé structure [10] , is investigated for the first time. This waveguide, shown in Fig. 1 along with the coordinate system, consists of a homogeneous layer, the line defect, sandwiched between two semi-infinite layers of the Kagomé structure with circular dielectric rods in air. The parameters defining the 2-D waveguide structure are the background dielectric constant (air), the dielectric constant of the rods (representative of GaAs at optical frequencies), the rod diameter , the center-to-center distance between rods , The authors are with Research Center COM, Technical University of Denmark, DK-2800 Lyngby, Denmark (e-mail: ab@com.dtu.dk).
Publisher Item Identifier S 1041-1135(00)04599-7. and the center-to-center waveguide width . The structure is invariant in the out-of-plane direction (the -direction).
The results presented in this letter were calculated using a computer model based on the full-vectorial plane-wave-expansion method described in [11] . In the calculations the Kagomé waveguide is approximated by a periodic structure using 1041-1135/00$10.00 © 2000 IEEE is shown in Fig. 1 . In the actual calculations, a supercell of height was used, except for Fig. 3 , where a supercell of height was used to test the convergence of the calculations. The differences in frequency between the calculations with supercell height and were smaller than 0.6%.
For in-plane investigations it is common to categorize the modes in TE and TM modes defined as the modes having their electric and magnetic fields, respectively, in the plane of investigation (the -plane). In this letter, we will restrict our attention to TM polarized modes, and therefore choose the rod diameter yielding the largest TM photonic bandgap for the Kagomé rod structure with the dielectric constants being 1 for the background and 13 for the rods [9] . For waveguides, taking advantage of a strictly TM photonic bandgap, only TM polarized modes may become guided, and consequently the waveguide will be extremely polarization sensitive (operating as a polarizer). TM bandgap guided modes, being localized to the line defect, are characterized by a frequency within the photonic bandgap of the surrounding photonic crystal. In particular, it is possible to guide light using a line defect with a low concentration of high-index material compared to the surrounding structure, and therefore the guiding mechanism, photonic bandgap guidance, is fundamentally different from conventional indexguiding waveguides. In this letter we consider the concentration of high-index material in the waveguiding region to be high compared to the surrounding structure for waveguide widths shorter than . Consequently, only widths larger than are investigated in this paper.
The band diagram shown in Fig. 2 was obtained from calculations with a supercell height , where the bands on either side of the bandgap are not completely dense. The dense bands shown in Fig. 2 correspond to an infinitely high supercell. In the case of an infinitely high supercell, it is only necessary to probe the bandgap structure along the -axis from zero to , because of the collapse of the irreducible Brillouin zone in the -direction as tends toward infinity.
The guided modes of three different waveguide widths are shown in the bandgap. The monotone sweep of frequencies between and means that only the and points in the Brillouin zone need to be calculated in order to obtain the frequency intervals of guided modes for given waveguide widths. Fig. 3 shows these frequency intervals as a function of waveguide width , where single-moded and dualmoded domains are shaded light and dark, respectively. This is interesting from a construction point of view, as single-moded waveguides are generally more useful than multi-moded waveguides.
With respect to the bandgap edges, Fig. 3 only shows the general picture, as the TM bandgap edges depend slightly upon . The bandgap shown in Fig. 3 is the maximum bandgap valid for the complete set of -values. The thin domain edge corresponds to , while the thick edge corresponds to . Using Fig. 3 , it is possible to determine the characteristic parameters introduced in Fig. 1 , if the frequency of the wave in the waveguide is given. Choosing a wavelength of 1550 nm (the standard wavelength of optical communications), a normalized frequency of 0.6, and a waveguide width of as an example, a single guided mode far from the bandgap edges is obtained. In this example is 465 nm, hence is 209 nm, and thus the structure appears realizable [9] . Fig. 4 shows six field plots (the electric field amplitude squared) of modes from mode-domain II. It demonstrates that the modes are localized better far from the bandgap edges. This is observed by comparing Figs. 3 and 4: As the waveguide width increases, we know from Fig. 3 that mode-domain II is approaching the bandgap edge in the case of . Fig. 4 shows a decreasingly localized mode. The same line of argument applies for , where modes in larger waveguides are better localized.
Although changes in the waveguide width affect the localization of the modes for a given , the field intensity distribution is almost unaffected until the modes becomes completely delocalized. The transition from a guided to an unguided mode will of course have an effect. With respect to variations in , both the localization (as explained above) and the field structure are affected simultaneously. The field structures shown in Fig. 4 are clearly different for and . In fact, the field structure transforms continuously from one to the other as goes from to . In conclusion, we have theoretically investigated a waveguide consisting of a line defect within a new fundamental hexagonal photonic bandgap material, the Kagomé structure. The investigation shows the Kagomé waveguide to have well-localized low-index-guided TM modes, and that the TM modes are better localized far from the bandgap edges. Furthermore, the frequency domain of the TM guided modes for small waveguide widths have been mapped out, allowing us to determine the number of guided modes in the waveguide for specific waveguide widths and frequencies.
